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Myoglobin is a globin with heme as prosthetic group whose main known biological role is
to bind to O2 reversibly. On account of their large diversity, globins from mollusks have
contributed to the study of this protein class. The cDNA of the myoglobins from
Biomphalaria straminea and Biomphalaria tenagophila, which have a glutamine as distal
residue (E7), were constructed and analyzed by bioinformatic tools. Native (not
recombinant) myoglobins of these two Biomphalaria species were puriﬁed and their
experimental molecular mass (about 16 kDa) and pI (about (8.0) were provided. Data
analysis showed that these proteins are monomers with the signature for the classic
myoglobin fold and they are blocked in amino terminus probably by an acetyl group.
Values of the autoxidation rates showed that these myoglobins oxidized slowly. About the
primary sequences of the myoglobins, they turned out to be satisfactory to group mollusks
in phylogenetic class.
 2011 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
Myoglobin is a cytoplasmic hemoprotein expressed in many taxa. The protein has many functions including oxygen
storage in muscles, oxygen supplier and regulatory agent, biochemical catalyst in oxidative phosphorylation and signal
transducer (Wittenberg and Wittenberg, 2003). These physiological functions are based on its reversible oxygen-binding
properties.
Globins, like myoglobin, are classically characterized by the presence of iron-porphyrin heme as the prosthetic group,
which binds to the oxygen (Suzuki and Imai, 1998). Globins have a conserved and characteristic pattern of folding, the so-
called globin fold. Generally, globin structure (motif) consists of six to eight alfa-helixes connected by short loops
(Bolognesi et al., 1997).
Myoglobin occurs in many invertebrate phyla and it shows a greater structural and functional variability in the inverte-
brates than in the vertebrates (Riggs, 1991). Among the invertebrate globins, gastropod myoglobins are the most extensively
studied (Vinogradov et al., 1993; Aliakrinskaia, 2003). Functional and structural studies of these globins may assist further our
knowledge about the myoglobins and the evolution of the Mollusca phylum.xeira).
 Elsevier OA license.
K.N. Teixeira et al. / Biochemical Systematics and Ecology 39 (2011) 581–586582In this study, a biochemical and molecular comparison was made between the myoglobins from the radular muscle of
three pulmonate species, Biomphalaria straminea, Biomphalaria tenagophila and Biomphalaria glabrata. These species are
important schistosomiasis vectors in developing countries (Paraense, 1986).
2. Materials and methods
2.1. cDNA cloning
Total RNA was isolated from the buccal mass (radular muscle) from B. straminea and B. tenagophila using Trizol reagent
(Invitrogen) according to the manufacturer’s recommendations. A single strand cDNA synthesis was performed with RT-PCR
Accessory Products (Invitrogen). Speciﬁc primers, 50 forward 27-mer (50 CTGCATATGGCCCAACTGAAAATGTCT 30) upstream of
the region ﬂanking the initial ATG and 30 reverse 29-mer (50 TCAAGATCTATGACTTTTATGGTATTTCC 30) downstream of the
region ﬂanking the stop codon, were designed to amplify the open reading frame (ORF) corresponding to myoglobin
cDNA based on B. glabrata nucleotide sequence available in the NCBI databank (Accession Code U89283). PCR was carried out
for 30 cycles of 95 C for 30 s, 55 C for 60 s, 72 C for 90 s and a ﬁnal elongation step at 72 C for 10 min. The ampliﬁed
products were cloned into the pCR 2.1-TOPO (Invitrogen) and the recombinants were screened by colony PCR.
2.2. cDNA sequencing and sequence analyses
The cDNAs were sequenced in an automated MegaBACE 1000 sequencer (Amersham Biosciences) using vector speciﬁc
primers. Databank comparisons were done by BLASTn software (Altschul et al., 1990); the sequence alignments were done by
CLUSTAL W software (Thompson et al., 1994) and were edited with the BioEdit software (Hall, 1999) and CHROMAS 2.3
(Technelysiun Pty Ltd). The primary sequences were inferred and aligned with other globins sequences using CLUSTAL X
(Thompson et al., 1997); the alfa-helixes residues were analyzed using Psipred software (Mcgufﬁn et al., 2000). The theo-
retical isoelectric point and molecular mass were calculated using the ProtParam software (Gasteiger et al., 2005).
2.3. Puriﬁcation of the native myoglobins
The radular muscle from B. straminea, B. tenagophila and B. glabratawere extracted and macerated on ice in 0.1 M Tris–HCl
buffer, pH 7.5 with 0.2 M NaCl, 5.0 mM EDTA, 0.2 mM PMSF, 0.2 mM TPCK, 0.001 mM pepstatina A and 0.05 mM iodoace-
tamide. The crude extract was centrifuged at 18,000 g during 10 min at 4 C and the supernatant was applied into Superose
12HR 10/30 gel ﬁltration column (Amersham Pharmacia) coupled in a fast performance liquid chromatography (FPLC)
apparatus (Pharmacia). The chromatographic system was equilibrated with 0.1 M Tris–HCl buffer, pH 7.5 with 0.2 mM NaCl.
Elution was performed with the same equilibration mobile phase in isocratic mode. Fractions of 1.0 mL were collected under
a ﬂow of 0.5 mL min1 and monitored at 280 and 415 nm.
The fractions with absorbance at 415 nm were pooled, dialyzed against 20.0 mM Tris–HCl buffer, pH 8.5 for 12 h at 4 C
(dialysis factor: 100.000x), and puriﬁed in an FPLC apparatus using a cationic exchange column (Mono Q 5/5 - Amersham
Pharmacia) equilibrated with 0.01 M Tris–HCl buffer, pH 8.5 or a anionic exchange column (Mono S 5/5 - Amersham Phar-
macia) which was equilibrated with 0.1 M sodium acetate buffer, pH 5.0. In both Mono Q and Mono S columns, a linear
gradient of 0–1.0 M NaCl, for 30 minwas used. Fractions de 1.5 mL were collected at ﬂow rate of 1.0 mL min1 and monitored
at 280 and 415 nm.
The third puriﬁcation step of myoglobins was performed in high performance liquid chromatography (HPLC) equipment
(Shimadzu) by reversed phase chromatography using a 4.6/250 mm C18 Shim-pack column (Shimadzu). As mobile phases, A
and B, were used aqueous solution of 0.1% (v/v) TFA, and aqueous solution of 80.0% (v/v) acetonitrile with 0.1% (v/v) TFA,
respectively.The fractions were eluted with a linear gradient of 0–100% of mobile phase B for 30 min; the fractions were
monitored at 280 nm.
2.4. Purity and molecular mass determination
After puriﬁcation, the presence of myoglobin was conﬁrmed by spectral analysis in the range of 200–800 nm in order to
verify the Soret band (a very strong absorption band in the blue region of the optical absorption spectrum of hemoproteins).
Samples of each puriﬁcation step were collected and analyzed by 15% SDS-PAGE according to Laemmli (1970) using as the
molecular weight marker the BenchMark protein ladder (Invitrogen). The electrophoresis was performed at 120 V for 4 h and
proteins were silver-stained.
The experimental molecular mass was determined by electrospray ionization mass spectrometry (ESI-Q-TOF Micro,
Micromass, UK) in the positive ion mode. Mass spectrometer calibrations were made using sodium iodide in the 100–2500
m/z range. The samples were solubilized in 100 mL of 50% (v/v) acetonitrile in aqueous solution of 0.2% (v/v) formic acid and
applied to the mass spectrometer by a syringe pump system at a ﬂow rate of 10 mL min1. The capillary and the cone voltages
were 2.5 kV and 40 V, respectively. The ﬁnal spectrumwas the result of 20 combined scans. Original data (m/z) were treated
(base line subtraction, smoothing and centering), and mass spectrum data were analyzed by the Masslynx 4.0 software
(Santos et al., 2008).
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N-terminal amino acid sequencing by Edman degradation (Edman, 1950) was performed in an automatic PPSQ-21A
Protein Sequencer (Shimadzu). The samples from SDS-PAGE were electrotransferred to a PVDF membrane which was
submitted to sequencing. Myoglobin in a 0.1% (v/v) TFA aqueous solution was also employed for Edman degradation.
2.6. Isoelectric point
The isoelectric point of myoglobinwas determined by chromatofocusing in the pH range from 6 to 9. The myoglobins from
the three Biomphalaria species were used in their apo form (without heme group). Previously, approximately 200 mg of
proteins were dialyzed against start buffer (25.0 mMdiethanolamine-HCl buffer, pH 9.5). TheMono P 5/5 column (Amersham
Pharmacia) coupled in an FPLC was used with a pH gradient formed with 5.0 M NaOH and start buffer according to the
manufacturer’s recommendations. The proteins were applied, separately, with Polybuffer 96 pH 6.0 (Amersham Pharmacia)
and eluted with a ﬂow of 0.5 mL min1. The pH found in the elution of each protein was measured by a potentiometer of the
FPLC apparatus and checked by isolated equipment.
2.7. Autoxidation rate measurement
The autoxidation rate of oxymyoglobin to metmyoglobin was conducted according to Dosi et al. (2006), with some
modiﬁcations, to myoglobins from B. glabrata and B. tenagophila only. The experiment was performed by monitoring of the
changes in the absorption spectrum at 400–750 nm. Data were collected every 15 min for 5 h. Absorption spectrum was
recorded on an UV-160A UV–visible recording spectrophotometer (Shimadzu), equipped with a thermostatically controlled
cell holder, set at 25 C. The oxymyoglobins were prepared by reduction of pure myoglobins in 50 mM potassium phosphate
pH 7.4 with 6.0 mM sodium hydrosulﬁte. The excess of sodium hydrosulﬁte was removed by ultra ﬁltration in an Amicon
8010 (Milipore) apparatus containing a 10,000 Da PTGC membrane (Sigma). The ultra ﬁltration was performed on ice, under
slow shake using 50 mM potassium phosphate pH 7.4 as buffer changing. The absorbance measurements were immediately
started after this process. Autoxidation rate (k) was calculated by the gradual decrease in absorbance value at 575 nm thus
k ¼ ln{[oxymyoglobin]t/[oxymyoglobin]0}. The measurement was performed in triplicate for each point.
2.8. Phylogenetic analysis
Twenty nine amino acid sequences from mollusk globins, including myoglobins and hemoglobin chains, were chosen to
phylogenetic analysis. The selected sequences aligned by global alignment, phylogenetic andmolecular evolutionary analyses
were conducted using a version 4 package (Tamura et al., 2007). For neighbor-joining analyses (Saitou and Nei, 1987), the
protein distances were calculated using the BLOSUMmatrix. The reliability of the trees was tested by bootstrap analysis with
1000 replications.
3. Results
The full-length cDNA sequences coding for B. straminea and B. tenagophila myoglobins have 456 base pairs (GenBank
accession EF646378 and EF646379). The nucleotide sequences of the two Biomphalariamyoglobins encode different proteins
with 151 amino acid residues each one, including initial methionine, which probably is not present in the native proteins.
Nativemyoglobins from B. glabrata, B. straminea and B. tenagophilawere considered pure after three steps of puriﬁcation. It
was observed that myoglobins did not bind the cationic exchange resin or anionic exchange resin in the pH employed,
showing that these proteins have an isoelectric point in the range from 5.0 to 8.5. Indeed the experimental isoelectric points
found for myoglobins from B. straminea, B. tenagophila and B. glabratawere 7.84, 7.97 and 7.82 respectively. These values are
close to those calculated pI values (Table 1).
Two different retention times, referent to myoglobin, were obtained in reverse phase chromatography for the three
species of mollusks; 34.27 s and 35.41 s, 34.37 s and 35.21 s, 34.12 s and 35.70 s for B. straminea, B. tenagophila and B. glabrata,
respectively. Analyses by SDS-PAGE, UV-Vis-spectrophotometry and mass spectrometry showed that the ﬁrst peak, which
presents the smallest retention time, corresponds to the holoprotein and the second one, the apoprotein.Table 1
Experimental and calculated isoelectric points of the myoglobins of Biomphalaria species.
Myoglobins Experimental pI Calculated pI
B. straminea 7.84 7.91
B. tenagophila 7.97 7.93
B. glabrata 7.82 7.91
K.N. Teixeira et al. / Biochemical Systematics and Ecology 39 (2011) 581–586584Amino terminus sequencing by Edman detected no phenylthiohydantoin (PTH) amino acid, indicating that myoglobins of
the three Biomphalaria species are chemically blocked. Electrospray mass spectrometry of the native myoglobins revealed
a molecular mass of 16,106.5 Da for B. straminea, 16,122.4 Da for B. tenagophila and 16,095.1 Da for B. glabrata.
The autoxidation rates were calculated by plotting the decreasing of absorbance at 575 nm (oxymyoglobin concentration
vs. time). Both radular myoglobins from B. glabrata and B. tenagophila presented autoxidation rates equal 2.0  103
h1  0.0004 and 1.2  103 h1  0.00099, respectively.
The evolutionary history was inferred using the Neighbor-Joining method. The bootstrap (Felsenstein, 1985) consensus
tree inferred from 1000 replicates was taken to represent the evolutionary history of the taxa analyzed. Branches corre-
sponding to partitions reproduced in less than 50% bootstrap replicates are collapsed. The percentage of replicate trees in
which the associated taxa clustered together in the bootstrap test is shown next to the branches (Fig.1). The treewas drawn to
scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The
evolutionary distances were computed using the Poisson correction method (Zuckerkandl and Pauling, 1965) and are in the
units of the number of amino acid substitutions per site.
4. Discussion
Primary sequence analysis showed that the identity between B. tenagophila and B. glabratamyoglobins was 96%, between
B. glabrata and B. straminea myoglobins was 98%, and myoglobins of B. straminea e B. tenagophila showed 97% identity; the
number of amino acid residues of the primary sequences show that these Biomphalaria myoglobins belong to the “Universal
globin” category (Suzuki and Imai, 1998).
The alignment of primary sequences of myoglobins from B. straminea, B. tenagophila and B. glabrata with globins from
other organisms indicated the presence of residues responsible for the globin signature, according to Bashford et al. (1987).
The globin signature is characterized by preserved residues such as Phe-CD1 and His-F8. Residues as Pro-C2 are highly
conserved too and determine the folding of the BC corner. Furthermore, Gly-B6 is essential for the near crossing of the B and E
helixes (Kapp et al., 1995). In the B. tenagophila and B. straminea myoglobin sequences, other residues responsible for the
“myoglobin fold”, as the Trp-A12 and the Trp-H8, were observed (Fig. 2).Fig. 1. Neighbor-joining tree of the molluscan globin sequences. Bootstrap values are showed in node.
Fig. 2. Alignment of globin primary sequences showing the residues responsible for globin signature. B. straminea myoglobin (Mb) (Bstr), B. glabrata Mb (Bgl),
B. tenagophila Mb (Bten), Aplysia limacina Mb (1Mba), Lucina pectinata hemoglobin (Hb) I (1Flp), Scapharca inaequivalvis Hb (chain A) (1Sdh) e Physeter catodon
Mb (1Mbn). Above these sequences the position of residue inside alpha-helixes (A to H) is indicated.
K.N. Teixeira et al. / Biochemical Systematics and Ecology 39 (2011) 581–586 585A conserved proximal histidine (F8) at position 100 was observed in the myoglobins from Biomphalaria, but at position 68
a glutamine is the distal residue (E7). Distal residue at E7 position is almost invariably a histidine, although a glutamine is also
common in invertebrate globins (Suzuki and Imai, 1998). The residue E7 is essential to maintaining the stability between
heme group and its ligand because allows hydrogen bond interactions. However, residues incapable of making hydrogen
bonds can also be found at E7 position, for instance the valine residue in the Aplysia limacina (Gastropoda) (Wittenberg et al.,
1965) and Dolabella auricularia (Gastropoda) myoglobins in which oxygen afﬁnity is only slightly lower than those of the
common mammalian myoglobins that possess the usual His-E7 (Yamamoto et al., 1992).
Other substitutions in the primary sequences of the Biomphalaria myoglobins occur in helix F at F7 position and in helix
E at E14 position are important residues for stability of heme and stability of its ligand, respectively. In both myoglobins from
B. straminea and B. tenagophila, there is a small, hydrophobic alanine replaced by a polar serine at E14 position. Changes in the
pattern of polarity can modify the properties of interaction between the heme group and the hydrophobic pocket of
myoglobin. In B. straminea, we checked that at F7 position, a serine residue was replaced by alanine.
The Biomphalaria myoglobins show valine and tryptophan residues at B10 and B12 positions, respectively. Such amino
acids are not observed in these positions in other myoglobins. In globins from invertebrates as mollusks Lucina pectinata,
A. limacina, Scapharca inaequivalvis (Bivalvia) and from vertebrates as the whale Physeter catodon (Chordata: Mammalia), the
B10 position is usually occupied by large and hydrophobic residues like Trp, Phe, Tyr, Leu and Met (Weber, 1981) (Fig. 2). In
these organisms the B10 residue is responsible for binding-stability between heme group and its ligand (Yang et al., 1995). It is
unlikely that the shorter Val-B10 found in B. straminea and B. tenagophila myoglobins could be able to play this role.
Themolecular masses of myoglobins of the three Biomphalaria species are close to those found in literature for single chain
globins (Suzuki and Imai, 1998). The difference between the both experimental and calculated masses (primary sequence
derived from cDNA) of about 43 Da, and the fact of these proteins are blocked for Edman degradation strongly suggest the
presence of a single acetyl group at the amino terminus of the three myoglobins (Table 2). It is known that globins of many
mollusks have an acetyl group at the amino terminus like D. auricularia myoglobin (Suzuki, 1986).
The autoxidation rate found for B. glabrata and B. tenagophila is similar, and this data could be explained for the similarity
in primary sequence which consequently gives a similar three-dimensional structure to accommodate the heme group.
A study of Suzuki et al. (1993) considered that the monomeric myoglobin of Liolophura japonica (chiton) appears to be highly
resistant to autoxidation; its autoxidation rate (7.3  103 h1) at pH 7.2 and 25 C was comparative 3–20 times slower than
other molluscan myoglobins. The E7 distal histidine, which is replaced by valine or glutamine in several molluscan globins, is
conserved in Liolophura myoglobin. However, it is a different situation if compare Biomphalaria myoglobins analyzed in this
work. The presence or absence of the distal histidine has a substantial effect on the autoxidation of myoglobin.
African elephant (Loxodonta africana) is an example of vertebrate with unusual myoglobinwhich has a glutamine as distal
residue. Its autoxidation rate is 4.7  102 h1 (Tada et al., 1998), similar that found for spermwhale myoglobin. Considering
the autoxidation rates values and distal residue found in each myoglobins analyzed it should indicate that autoxidation rate
do not depends of the residue only, but also of the position of this residue in structure of the myoglobins. Environment seems
not interfere in this case once what Biomphalaria like Aplysia, Dolabella and sperm whale are aquatic animals.Table 2
Experimental and calculated molecular masses of the myoglobins of Biomphalaria species.
Myoglobins Experimental mass
(Da)
Calculated mass
(Da)
Difference of mass
(Da)
B. straminea 16,106.5 16,063.3 43.2
B. tenagophila 16,122.4 16,079.2 43.2
B. glabrata 16,095.1 16,049.2 45.9
K.N. Teixeira et al. / Biochemical Systematics and Ecology 39 (2011) 581–586586The similarity among the primary sequences of the Biomphalaria myoglobins ensured that three species were phyloge-
netically grouped within the same genus. The primary sequences of myoglobins from other mollusks were taken to
phylogenetic analysis, and the tree built showed that globin sequences seem to yield conﬁdent results at more restricted
taxonomic levels. The mollusk species were satisfactory distributed in their classes: Gastropoda, Bivalvia and Polyplacophora.
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